Combining calibrated hydrophone measurements with vessel location data from the Automatic Identification System, we estimate underwater sound pressure levels for 1,582 unique ships that transited the core critical habitat of the endangered Southern Resident killer whales during 28 months between March, 2011, and October, 2013. Median received spectrum levels of noise from 2,812 isolated transits are elevated relative to median background levels not only at low frequencies (20-30 dB re 1 µPa 2 /Hz from 100-1000 Hz), but also at high frequencies (5-13 dB re 1 µPa 2 /Hz from 10,000-96,000 Hz). Thus, noise received from ships at ranges less than 3 km extends to frequencies used by odontocetes like the southern resident killer whales for communication and echolocation. Broadband received levels (11.5-40,000 Hz) near the shoreline in Haro Strait (WA, USA) for the entire ship population were 111 ± 6 dB re 1 µPa on average. Mean ship speed was 14.4 ± 4.1 knots. Most ship classes show a linear relationship between received level and speed with a slope near +1 dB/knot. Assuming near-spherical spreading based on a transmission loss experiment we compute mean broadband source levels for the ship population of 173 ± 7 dB re 1 µPa @ 1 m without accounting for frequency-dependent absorption. Spectrum, 1/12-octave, and 1/3-octave source levels for the whole population have median values that are comparable to previous measurements and models at most frequencies, but for select studies may be relatively low below 200 Hz and high above 20,000 Hz. Median source spectrum levels peak near 50 Hz for all 12 ship classes, have a maximum of 159 dB re 1 µPa 2 /Hz @ 1 m for container ships, and vary between classes by about 25 dB re 1 µPa 2 /Hz @ 1 m at low frequencies (50 Hz), 13 dB re 1 µPa 2 /Hz @ 1 m at mid-frequencies (1,000 Hz), and 5 dB re 1 µPa 2 /Hz @ 1 m at high frequencies (10,000 Hz). Below 200 Hz, the class-specific median spectrum levels bifurcate with large commercial ships grouping as higher power noise sources. Within all ship classes spectrum levels vary more at low frequencies than at high frequencies, and the degree of variability is almost halved for classes that have smaller speed standard deviations.
. Inset regional map shows the study area (black rectangle) and shipping lanes (in red) leading to the major ports of the Salish Sea. The 240 • bearing (gray arrow) extends from the Lime Kiln hydrophone (gray circle) through the northbound shipping lane. Bathymetric contours (50 m) show that Haro Strait is a steep-sided 200-300 m-deep channel. Sound projection locations (black dots) are sites used for the transmission loss experiment.
Study site

107
We deployed a calibrated hydrophone 50 m offshore of the lighthouse at Lime Kiln State Park in which The 
158
To maximize the detection of any high-frequency signal generated by passing ships, and to reduce 159 the spatial extent of our transmission loss experiment, we elected to compute source levels for only the 160 closer, northbound portion of the traffic in Haro Strait. Southbound traffic was recorded, counted, and 161 archived, but is not included in this analysis. For the northbound traffic presented herein, the mean and 162 standard deviation of R is 2.30±0.39 km, and the minimum and maximum R are 0.95 km and 3.65 km, 163 respectively.
164
Data analysis
165
Isolation and identification
166
Archived WAV files and associated metadata were analyzed with a C++ program developed in the 167 platform-independent Qt environment (qt-project.org). To measure the noise radiated by an individual 168 ship, rather than multiple ships, the program used the AIS data to detect acoustically-isolated ships. A 169 ship was deemed isolated if the previous and subsequent ships were at least 6 nautical miles (11.1 km) we call the total received spectrum levels.
191
The total received spectrum level is a composite of the power that originated from the ship and the The subtraction of the estimated background received level (RL B ) from the total received level (RL T )
196
to determine the received level associated with the ship (RL S ) is based on the fact that when two or more 197 waves pass at once, the pressure on the hydrophone (P) is the sum of the instantaneous pressure from each 198 wave. The power that we calculate is proportional to the square of the pressure on the hydrophone and is 199 represented in decibels. These relationships apply both for the power at individual frequencies (PSD) and 200 the total power (Pwr T ) integrated over all frequencies.
201
Following the nomenclature of Erbe (2010),
where k is a constant dependent on the construction of the hydrophone and t is time. Averaging over the 202 30 seconds of each WAV file, we assume that the pressure due to the ship at each moment in time is not 203 correlated with the pressure due to other (background) noise sources. Thus, the power received from the 204 ship is the average total power minus the average background power:
We estimate Pwr B for each passing ship as the average of the power in two samples -the quietest without absorption we integrate the spectrum levels only up to this 40,000 Hz upper limit.
238
Prior to the background subtraction, our data commonly contained narrow-band noise peaks near 25, 
253
We determined the geometric spreading via a field experiment conducted in March 2014 from a 10 m 254 catamaran. We projected a sequence of 2-second tones (Table 1 ) using a Lubell 9816 underwater speaker 255 lowered in a bifilar harness from the bows and attached to a power amplifier and a digital sound player.
256
During each tone sequence, we noted the location of the projector on the sailboat's GPS and measured the We calculate source spectrum levels of ship noise first by ignoring absorption in equation (4) and then by accounting for it in equation (5), determining α from Francois and Garrison (1982) .
SL a = RL S + 18.6 log 10 (R) + α( f )R
We integrate the source spectrum levels from 11.5 Hz up to 40,000 Hz to compute broadband source 286 12/37 levels (SL) ( Table 2) . We also integrate the source spectrum levels over both 1/3-octave and 1/12-octave threshold to estimate the 5% and 95% quantiles.
293
To facilitate comparison with past studies we generally present ship source spectrum levels as SL.
294
However, due to the presence of high-frequency ship noise in our recordings and its potential impact on 295 marine life exposed at close range, we also present absorption-corrected spectral power levels (SL a ) for 296 the whole ship population.
297
RESULTS AND DISCUSSION
298
Ship statistics
299
Combining all ship classes over the entire study, our data set describes 1,582 unique vessels that made a 300 total of 2,812 isolated, northbound transits of the shipping lanes in Haro Strait ( 1 dB re 1 µPa @ 1 m lower than a tug (171 dB re 1 µPa @ 1 m at 9.7 knots), 5 dB re 1 µPa @ 1 m 375 lower than a cargo ship (181 dB re 1 µPa @ 1 m), and 11 dB re 1 µPa @ 1 m lower than a large tanker
376
(186 dB re 1 µPa @ 1 m). This difference might be due to more modern ships decreasing their speed (at 377 least while in coastal waters) or increasing their propulsion efficiency. 
394
While this pattern could be interpreted as an underestimation of SL by our methods, we believe our 395 population statistics represent an accurate estimate of source levels for modern ships operating in coastal 396
waterways. In almost all of the cases that we have discussed, the maximum discrepancy is less than 1.5 397 times the inter-quartile distance (25% vs 75% quantiles) for the comparable ship class (see Figure 2 ).
398
Exceptions are some of the louder container ships in McKenna et al. (2013) and vehicle carriers in 
422
The range of minimum broadband SL across all classes in our study was from 130 dB re 1 µPa @ 1 m 
Ship speed
431
Averaged across all vessels, the SOG of isolated ships northbound in Haro Strait is ∼14.4±4.1 knots.
432
This is higher than the mean of 10-12 knots observed during WWII, but possibly lower than the post-war
433
(mid-1970s) mean of about 15 knots (Ross, 1976) .
434
In our study, the fastest classes are container ships (mean SOG of 19.5 knots) and vehicle carriers at or above the 95% quantile of background levels from 20-96,000 Hz. Thus, at ranges of a couple 455 kilometers, commercial ships cause significant underwater noise pollution not only at low frequencies,
456
but also at high-frequencies.
457
The difference in median spectrum levels between ship and background noise levels is more than about -4 dB/decade from 100-5,000 Hz, -10 dB/decade from 5,000-40,000 Hz.
573
While we are unaware of a comparable aggregation of source spectra from multiple ship classes 574 presented as 1/3-octave levels, there are many studies of individual ships or classes that present 1/3-octave 575 source levels. We compare them here with the median 1/3-octave curve for our ship population because 576 we present only spectrum levels when assessing inter-and intra-class differences in subsequent sections.
577
Our median 1/3-octave levels are entirely bounded by the estimated levels for 6 diverse ship types 578 presented in Figure 3 .14 of Malme et al. (1989) at all comparable frequencies (20-16,000 Hz). Similarly, 579 our levels are within the estimated 1/3-octave source levels (10-10,000 Hz) summarized in Figure 6 .5 of 580 Richardson et al. (1995) for an ice breaker, a composite of supertankers, and a tug/barge at almost all 581 frequencies. Only above about 2,000 Hz is our median curve slightly below comparable vessels described
582
by Richardson et al. (1995) : ours is within 2 dB re 1 µPa 2 per 1/3-octave @ 1 m of their tug/barge levels,
583
and no more than 10 dB re 1 µPa 2 per 1/3-octave @ 1 m below their supertanker levels. Overall, we find 584 the consistency of our results with these two studies to be remarkable. all common frequencies (20-1,000 Hz). As discussed when presenting spectrum levels, we are not sure 588 how to account for this difference, other than to recognize key differences between the studies: distinct 589 transmission loss, our much larger sample size, and our higher diversity of classes.
590
Studies of ship noise in which speed was varied present a range of levels that is also consistent with 591 our results. Compared with the maximum-minimum envelopes of 1/3-octave source levels (referenced to by the 1/3-octave levels for each of their modeled ship types (tug, cruise ship, container ship) near or 606 below 250 Hz, at higher frequencies our levels exceed the modeled ones by 7-10 dB re 1 µPa 2 per 607 1/3-octave @ 1 m.
608
The crossing of such modeled spectra by our 1/3-octave median curve is one manifestation of a subtle over the same frequency range is shallower (-6.5 dB/decade) and we observe a slope break near 3,000 Hz.
613
Below the break the slope is about -4.5 dB/decade, while above it is -10 dB/decade.
614
The similarity of our 1/3-octave levels with those from available studies at frequencies below 630 Hz
615
(the lowest tone used in our transmission loss experiment) is the first evidence that our measurements of 616 low-frequency radiated noise are accurate. The lower slope relative to other studies suggests that the ship 617 population in this study is generating proportionally more high-frequency noise than ships in previous 618 studies.
619
Figure 4. Source level (SL) spectra of the entire ship population in 1 Hz (solid), 1/12-octave (dashed), and 1/3-octave bands (dotted). Black curves are medians without absorption; red curves are medians with absorption. For the spectrum levels, we delineate 25 and 75% quantiles in lighter tones. Levels with absorption start to increase rapidly above 15-20 kHz for both the 1/12-and 1/3-octave bands.
coastline at Lime Kiln from some container ships occasionally meet or exceed the 120 dB re 1 µPa
